We compute electrostatic fields induced deformations of cantilevered finite-length metallic carbon nanotubes, using an energy minimization method based on a charge-dipole moment interaction potential combined with an empirical many-body potential. The influence of field strength, field direction and tube geometry on the electrostatic deflection is investigated for both single and double walled tubes. These results could apply to nanoelectromechanical devices based on cantilevered carbon nanotubes.
Figs 6 and 7 of this reference show that the relation between the deformations is significantly changed in fields with respective strengths E = 32 V/nm and E = 40 V/nm. However, since the fields used in our paper (0.1 to 3.0 V/nm) are at least 10 times weaker than their fields, we think it is a reasonable approximation to neglect the influence of the electric field on the parameters of the AIREBO potential and use a separate potential energy to take into account the interaction with the field.
The details about the models will be presented in sec. II. The results for both SWCNTs and double-walled CNTs (DWCNTs) are shown and discussed in sec. III. We draw conclusions in sec. IV.
II. PHYSICO-CHEMICAL MODEL
At the beginning of calculation, open-ended tubes with zero net charge and zero permanent dipole moment are fixed at one of their two ends on an substrate which is supposed to be insulating in order to allow us to neglect transfer of charges from the nanotube to the substrate. Each atom is associated with both an induced dipole p i and a quantity of induced charge q i when the tube is submitted to an electric field. The total energy of this system U tot is the sum of the induced electrostatic energy U elec and the interatomic potential U p :
in which U elec can be written as follows:
where N is the total number of atoms, χ i stands for the electron affinity of atom i, V i is the external potential, E i represents the external electric field. T and T stand for the vacuum electrostatic propagators regularized by a Gaussian distribution in order to avoid the divergence problem when two atoms are too close to each other. They can be written as
q−q , where r i represents the coordinate of atom i, r i,j stands for the distance between atom i and atom j, and R is the width of the Gaussian distribution of charge. The value of R used in this work is about 0.06862 nm, which was fitted to reproduce the polarizability of metallic tubes 18 .
Taking lim r i,j → 0, we obtain the self energy terms (when i = j in Eq. 2) as follows:
where α i stands for the polarizability of atom i. The distributions of dipoles {p i } and charges {q i } is determined by the fact that the static equilibrium state of these distributions should correspond to the minimum value of U elec . Thus, by requiring that the partial derivatives of the total electrostatic energy with respect to the 3 × N components of the dipoles and N components of the charges should be zero within Eq. 1, and taking account of Eqs. 2, we obtain {p i } and {q i } by solving N linear vectorial equations and N linear scalar equations as follows:
In Fig. 1 , we show the distribution of the dipoles and charges induced by an electric field on a metallic SWCNT.
The interatomic potential U p is computed using the AIREBO potential function 20 . This potential is an extension of Brenner's second generation potential (Brenner et al 23 ) and includes long-range atomic interactions and single bond torsional interactions. In this type of potential, the total interatomic potential energy is the sum of individual pair interactions containing a many-body bond order function as follows: Energy optimization is performed to obtain the motionless equilibrium configurations of the atoms using the method of conjugated gradient 24 . We note that during this process the induced net charges and dipoles on each atom are updated at every step of the minimization procedure (which is quite time-consuming).
III. RESULTS AND DISCUSSION
In this work, Cartesian coordinates are used with the z axis along the principal axis of showed that a semiconductor-metal transition takes place in a (16,0) CNT, when electric fields reach about 3.0-4.0 V/nm 25 . Furthermore, in actual experiments, the field strengths needed to get comparable deflections are much weaker than those used here, since we use tubes at least 100 times shorter than in experiment and, as shown hereafter, the longer the tube, the weaker the field needed to get a given deflection. This is the same as in field emission experiments in which the shorter the tube, the stronger the field strength needed to produce a given field emission intensity, owing to the decrease of the tip effect on the field enhancement factor (see e.g. Fig. 3 of Ref. 26 ). Fig. 2 shows the equilibrium position of a SWCNT in a uniform electric field. It can be seen from this figure that the tube is only curved at the part close to the fixed end. We find that its right side part remains straight and that it is slightly compressed by electrostrictive effects 27 comparing its average bond lengths before and after deflection. We note that in real experiments, the tube would have thermal vibrations around this equilibrium position, 28, 29 and that this deformation is generally reversible. 11 Furthermore, the bending of the fixed end would generally not lead to important changes of the tube conductivity 30, 31 .
As shown in Fig. 2 , the field angle θ is defined as the angle between the field direction and the z axis, the deformation angle ϕ is defined as the angle between the neutral axis of the deformed CNTs at the free end and the z axis. and θ = 5π/4 (in opposite direction). Fig. 3 shows the relation between the external fields and the deformation angles ϕ for 6 two SWCNTs. The deflection of the semiconducting tube is calculated using the dipole-only model with parameters given in Ref. 15 , while we use the charge-dipole model with parameters from Ref. 18 for the metallic one. As expected, it can be seen that the deflection of the (5, 5) tube is much larger than that of the (6,4) semiconducting one for a given electric field, and that the tube deflection is the same no matter whether the field direction is reversed.
Furthermore, we note that the form of the curves of sin(ϕ) versus E is in a qualitative agreement with the results of the experiment of Poncharal et al (Fig. 1 in Ref. 10 ), and we find sin(ϕ) ∝ E 2 when the deflection is relatively small (sin(ϕ) < 0.15) for both of these two CNTs. For higher field strength, the alignment ratio is defined as sin(ϕ)/ sin(θ). It is calculated for several field directions and plotted in Fig. 4 . It stands for the relative deformation to the field direction and attains its maximum value 1 once the tube is well aligned to the field.
We can see that, when the value of E remains small (< 1.4 V/nm), the alignment ratio is larger for the smaller field angles θ. On the other hand, this tube can be more efficiently aligned to the field direction in stronger fields for larger field angles. No deflection is found when the field is perfectly perpendicular to the tube axis, because the induced molecular dipole is already aligned to the field. However, we note that this case can hardly happen in realistic experimental condition due to the thermal vibration of the tube and the fact that 7 generally the CNTs are more or less naturally curved due to the presence of defects. As expected, there is no electrostatic deflection found when θ = 0. Since the induced molecular dipole of the tube is already aligned to the direction of the field, the total induced torque acting on the tube is therefore zero. Nevertheless, slight electrostriction effects are found in the axial direction of the tube. The electrostrictive deformation ε = ∆L/L is plotted in Fig. 5 versus the square of field strength. It can be seen that ε is proportional to E 2 for these field strengths. This numerical experiment also allowed us to estimate the nanotube Young's modulus (Y ) directly by the stress over strain ratio, since the axial external electrostatic force acting on the tube can be directly computed in our program.
Using the commonly adopted wall thickness value of 0.34 nm, we find that Y is about 0.95
TPa, which is in good agreement with the average of the values found in the literature for that thickness (see e.g. section 2.1 of the recent review by Coleman et al. 32 ).
Turning back to the question of electrostatic deflection, we also study tube geometry effects. Fig. 6a shows sin(ϕ) versus the radius R for several metallic CNTs with the same length. It can be seen that the bigger the tube radius, the smaller the induced deflection.
It is well known that the polarization effects are more important when the tube is bigger.
However, at the same time, the tube becomes harder to be bent due to the increase of the versus L is very similar to that of sin(ϕ)/ sin(θ) versus E. This is probably because L and E play two similar roles in the total induced torque T = β(L)E 2 sin(ϕ − θ) cos(ϕ − θ)(where β is the molecular polarizability of CNTs). 34 Hence, considering that the lengths of the CNTs studied in previous experimental works are in the range from hundreds of nanometers to some micrometers, the required field strength can be much lower than the fields used in this paper for a given deflection angle. Furthermore, for letting the readers conveniently find the values of sin(ϕ) in Fig. 6b , we give the best fitting function of this curve as sin(ϕ) = sin(θ)/(1 + (L/15.3010) −5 ). layer number. Thus, a MWCNT can be much harder to be bent by the electric field than a SWCNT with the same radius. sin(ϕ) is also plotted in Fig. 7b for several field directions.
We can see the DWCNTs can be most efficiently bent at θ = 60
• , like SWCNTs, for this field intensity. This value can be biased towards 90 degrees because the axial polarizability of CNTs is always greater than the radial one.
IV. CONCLUSION
In this paper, we investigate the mechanisms of the electrostatic deflection of cantilevered metallic SWCNTs and DWCNTs. The equilibrium positions of CNTs in electric fields are calculated. The metallic CNTs are much easier to be deflected than semiconducting ones.
The deflection is not changed by reversing the field direction. The curve of alignment ratio versus field strength is found to change with field directions. The deflection is found to decrease with the increase of the tube radius; conversely, it increases when the tube is longer.
The multi-walled metallic CNTs are found to be much harder to be bent in electric fields than SWCNTs. Furthermore, we find that the electrostrictive deformation of SWCNTs is proportional to the square of field strength. Uniform external fields are applied as a theoretical simplification. However, our scheme is able to deal with inhomogeneous fields such as those from real experiments.
We believe that this paper could help developing a better understanding of recently designed NEMS based on cantilevered CNTs. We also wish that these results can be useful to open the path to some new nanoelectromechanical devices.
